Introduction
Glycoproteins are of great value in many biological processes, such as receptor-ligand interactions, immune response, signal transduction, molecular recognition and so on. [1] [2] [3] Since glycoproteins are involved in many human diseases, 4 their determination has become even more important. Up to now, methods for studying glycoproteins are popularly based on mass spectrometry (MS). While the low abundance of glycoproteins in complicated biological samples is seriously disturbed by other non-glycoproteins, efficient methods with high sensibility for the recognition and determination of glycoproteins are of great interest. A variety of methods have been developed based on antibodies, 5, 6 hydrophilic interaction chromatography (HILIC), 7, 8 lectins 9,10 and hydrazide chemistry [11] [12] [13] to capture glycoproteins. Particularly, because boronic acids can covalently form five-or six-membered cyclic esters with cis-diol-containing biomolecules in basic aqueous media, while the reversible release can happen in acidic solutions (as in Fig. 1 ), boronic acids have been made attractive ligands for many applications in self-assembling, separating and sensing. Up to now, boronic acid ligands have been immobilized on solid supports, like macroporous monoliths, [14] [15] [16] [17] [18] [19] [20] polymer nanoparticles, 21 ,22 mesporous silica, 23, 24 magnetic nanoparticles, [25] [26] [27] [28] and gold nanoparticles 29, 30 for the enrichment of glycoproteins. Thus, using boronic acid ligands to develop a highly sensitive sensor for the determination of glycoproteins is highly desirable.
A quartz crystal microbalance (QCM) is a sensor based on the piezoelectric effect of quartz crystals. According to Sauerbrey equation, the oscillating frequency is inversely proportional to the thickness of the crystal chip. When chemicals are adsorbed on the chip, the thickness of the chip will increase, which leads to a decrease of the oscillating frequency. Therefore, the quartz crystal could be used as a transfer to detect any change of the mass on the chip by monitoring the frequency shifts. 31 QCM is a cost-effective, high-resolution, simple mass sensitive sensor that could collect data online, and has great sensitivity. It could not only measure the mass change and interaction of the materials on the chip, but also monitor the adsorption process of solid-liquid and solid-gas interface. [32] [33] [34] At first, QCM was mostly used in the gas phase. As the development of QCM's application, it can be operated in the liquid phase now. Particularly, it has been used to detect biomacromolecules, like proteins, nucleic acids, cells and virus in a liquid environment; Glycosylation plays an important part in many biological processes. However, many glycoproteins are either of low abundance or covered by other components in biological samples. Hence, developing new methods to measure the glycoproteins with both high efficiency and low detection limit is important. In this work, a self-assembled 4-mercaptophenylboronic acid film was coated on a quartz crystal microbalance chip. By optimizing the reaction time and the concentration of 4-mercaptophenylboronic acid, a sensor that specifically responded to glycoproteins was created. Then, several parameters for the prepared sensor were investigated and the working curve for representative glycoprotein-transferrin was established. The linearity range was from 50 to 400 ng/mL and the detection limit was 21.0 ng/mL. The sensor was used to detect transferrin in artificial urine samples. This sensor has a low detection limit of glycoproteins requiring only a small amount of samples, and thus has potential applications in both pharmaceutical and medical areas. normal type to a quartz crystal microbalance with dissipation monitoring (QCM-D), electrochemical quartz crystal microbalance (EQCM) and so on. Also, the developed QCMs with multiple functions have been used in many scientific area: material science, biomedicine, surface chemistry, polymer chemistry and so forth. [38] [39] [40] In this work, the boronic chemistry was combined with the advantages of QCM to create a sensor specifically sensitive to representative glycoprotein-transferrin. Transferrin is a kind of blood plasma protein binding iron to control the free iron's level in biological fluids. 41 The increased amount of transferrin might reveal iron-deficiency anemia 42 and virus hepatitis, while the decrease amount of transferrin is often seen in iron diseases, protein malnutrition and primary cancer of liver. Therefore, the quantitative detection of transferrin is important in diagnosis. The preparation scheme of the mercaptophenyl boronic acid (MPBA)-coated QCM sensor is shown in Fig. 2 . The QCM chip was coated by a layer of 4-mercaptophenylboronic acid, which can synchronously bind the Au chip through the Au-S bond and the transferrin through the cis-diol bond. Then, the conditions for preparing the sensor were optimized. And with the optimized results, the working curve for transferrin was established. To further prove that the adsorption was due to the reaction of boronic acid and the glycan of transferrin, the adsorption was monitoring in different pH environments. The prepared sensor has high sensibility and quickly responds for representative glycoprotein. It has potential use in pharmaceutical and medical areas.
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4-Mercaptophenylboronic acid, sodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O), sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O), potassium chloride (KCl), calcium sulfate dihydrate (CaSO4·2H2O), magnesium sulfate heptahydrate (MgSO4·7H2O), sodium sulfate decahydrate (Na2SO4·10H2O), urea, and creatinine were purchased from J&K Scientific Ltd. (Beijing, China). Sodium chloride (NaCl) was obtained from Tianjin Heowns Biochemical Technology Co. Ltd. (Tianjin, China).
Ethanol (99.7%) was from Concord Technology Co. Ltd. (Tianjin, China). Transferrin (Trf, Mw = 80 kDa, pI = 5.2 -6.2) and human serum albumin (HSA, Mw = 66.5 kDa, pI = 4.6 -4.7) were provided by Solarbio (Beijing, China). All ultrapure water (18.2 MΩ·cm) used was prepared with a Water Pro system from Aquapro Corp. (Delaware, USA). Au-coated QCM chips (gold-coated, 5 MHz, AT-cut) were provided by Dongwei Co. Ltd. (Hangzhou, China). The QCM (KSV QCM-Z500 Model) was purchased from KSV Instrument Ltd. (Finland). The atomic force microscopic (AFM) images were taken by a multimode atomic-force microscope (AFM5500) from Agilent (USA).
Preparation of MPBA-coated QCM
Before use, as a cleaning protocol, the QCM chips were immersed in a mixture of ultrapure water, 28% ammonia, and 30% H2O2 with a volume ratio of 5:1:1 at 75 C for 10 min, and then rinsed with ultrapure water and dried by nitrogen. After that, the chips were immersed in a MPBA solution (5 mL, ethanol) for different hours. The chips were then rinsed with ethanol and ultrapure water, respectively, 3 times to remove any redundant MPBA, and then dried by nitrogen.
For every measurement, PBS buffer (0.02 M pH 8.5) was firstly injected into the measuring cell by an injector through a rubber tube to obtain a stable baseline. Then, the sample was injected into the measuring cell; all measurements were taken at 25 C by KSV QCM-Z500 and repeated three times, and the frequency decreased with the glycoprotein binding to the MPBA-coated sensor. The difference of the frequency before and after sample injection is the frequency shift. Within 1 h, the frequency shift would reach a stable value. According to the (1)), 43 the mass binding on the QCM chip, Δm(g), could be denoted as frequency shift, Δf(Hz):
where n is the harmonic number (n = 1, 3, 5...11) and C (2.7 × 10 -8 g/Hz) represents the mass sensitivity constant, which is related to the property of the QCM chip. In this work, only the 3rd harmonic frequency shift was presented.
Results and Discussion
Effect of time and MPBA in preparing the sensor
Since the time that QCM chips immersed in MPBA (ethanol) could affect the amount of binding sites for transferrin, different times for immersing were investigated. Figure 3 presents the effect of the immersing time on the frequency shifts. It shows that the frequency shift decreased first, and then stayed at around 10 Hz. This may be due to the fact that as the time increased, MPBA started to cover the Au chip, so the frequency shift decreased. After MPBA covered the chip totally, the adsorption capability reached a steady point at around 24 h. Therefore, 24 h of immersing time was used in following experiments.
In the process of transferrin adsorption, transferrin was adsorbed onto the MPBA-coated chips through affinity between cis-diol of transferrin and the boronic group of MPBA. The concentration of MPBA would have an effect on the distribution of the binding sites, which directly affected the adsorption capability of MPBA-coated chips. Figure 4 illustrates the effect of the MPBA concentration on the adsorption capability. It shows that when the concentration was either too low (≤5 mM) or too high (≥25 mM), the binding amount of transferrin dropped. When the MPBA concentration varied from 10 to 20 mM, the binding amount did not vary very much. However, the chip without immersed in MPBA had the maximum response towards transferrin. This may be due to the fact that bare QCM Au chip had a nonspecific affinity for transferrin, and after the chip was coated with MPBA, it had a specific affinity for transferrin thus leading to a sudden change of the frequency shifts. Also, when MPBA's concentration was between 0 to 10 mM, the binding sites were not enough for the injected transferrin. So, when the concentration grew from 5 to 10 mM, the adsorption capability went up. And when the concentration reached 10 mM, the binding sites were sufficient for the injected transferrin. Thus, the binding capability stayed almost the same from 10 to 20 mM. But after the MPBA concentration went more than 20 mM, a thick film might have been formed on the chip, which decreased the density of the binding sites, which led to a drop in the adsorption capability. Thus, based on the adsorption capability and the economy of the material, 10 mM MPBA was chosen in this study.
Characterization of QCM surface morphology
The surface morphology of the prepared QCM sensors was investigated by AFM. Figure 5 shows the surface morphology of the bare and MPBA-coated QCM chips. Each scan represents an area of 20.0 × 20.0 μm 2 . As shown in Fig. 5 , the surface of a bare QCM chip was relatively smooth, while the MPBAcoated QCM chip was rougher. The root mean-square roughness (RMS roughness) of the MPBA-coated chip was 9.9 nm and the RMS roughness of bare QCM chip was 3.8 nm. The RMS roughness of MPBA-coated chip was about 2.5-times as that of the bare QCM chip, which indicates that the MPBA was successfully coated onto the QCM chips.
QCM response in different pH values
To further prove that the MPBA was successfully coated onto the QCM chips and the transferrin was adsorbed onto the MPBA-coated chips by the reaction of cis-diols and boronic acids, the pH values for adsorption were investigated. As shown in Fig. 6 , the adsorption of transferrin in an acidic solution is much lower than that in basic solution. Since boronic acids can covalently form five-or six-membered cyclic esters with transferrin in basic aqueous media, while the reversible release can happen in acidic solutions, the experiment results confirmed that the adsorption of the prepared MPBA-coated QCM sensor for transferrin was because of the reaction of boronic acids and cis-diols.
QCM response for transferrin and human serum albumin
Since the MPBA-coated QCM sensors were supposed to respond to glycoproteins specifically, the MPBA-coated sensor was used to detect different proteins to test its selectivity towards glycoproteins. Figure 7 shows the QCM response for transferrin and human serum albumin. It is clear that the amount of transferrin adsorbed on the MPBA-coated sensor is as about five-times that of human serum albumin when the original concentrations of both proteins are the same. Because the transferrin could form cyclic esters with MPBA, while human serum albumin could not, the result indicates the MPBA was successfully coated on the QCM chip, so it specifically responded to glycoproteins.
Detection of different concentration of transferrin
To establish a working curve for the MPBA-coated sensors to detect the transferrin, the response for different concentrations of transferrin was collected (Fig. 8) . The frequency shifts changed rapidly when injecting the transferrin, and then reached a stable value within 1 h. This proved that the MPBA-coated sensor was sensitive for target protein, and the binding was a quick process. Figure 8 illustrates the corresponding frequency shifts of the MPBA-coated chips for different concentrations of transferrin. All of the data were collected at 25 C with 10 mM MPBA (ethanol) and a 24-h immersing time. The linearity range was from 50 to 400 ng/mL. The plot equation was calculated to be y = 0.0331x + 0.0362, R 2 = 0.9981. The detection limit was 21.0 ng/mL (S/N = 3). From the plot equation, the mass of bound transferrin could be calculated. And the results were in accord with the Sauerbrey equation which reveals that the mass change on the chip could be denoted as frequency shifts. With the above outcome, it could be deduced that the chips are covered well up by MPBA, and that the prepared sensor had great sensibility.
Detection of transferrin in artificial urine samples
To investigate the performance of the MPBA-coated sensor in complex samples, the prepared MPBA-coated QCM sensor was used to detect of transferrin in artificial urine samples. The artificial urine sample was prepared based on a previous paper. KCl (67 mM), NaCl (55 mM), CaSO4·2H2O (2.6 mM), MgSO4·7H2O (3.2 mM), Na2SO4·10H2O (29.6 mM), urea (310 mM), and creatinine (9.8 mM) were dissolved in ultrapure water, and the volume was made up to 1 L. The solution was diluted 10-fold by PBS (0.02 M, pH 8.5) before being used. Then, 150 and 300 ng/mL of transferrin were respectively spiked in the artificial urine samples mentioned above. The recoveries of transferrin in artificial urine samples are listed in Table 1 . The results suggested that the prepared MPBA-coated QCM sensor was feasible to be applied in detection for complex samples.
Conclusions
In summary, we prepared a sensitive MPBA-coated QCM sensor for the detection of glycoproteins in this work. By combining boronic chemistry and QCM, the prepared MPBA-coated sensor was shown to have great affinity and low detection limit towards the representative glycoprotein-transferrin. The sensor had a quick response for transferrin, and did not consume much amount of the samples. Therefore, it could be easily used in field testing. Besides, the approach for preparing the MPBAcoated sensor was easy to master. This online process costs a small amount of samples, and it was successfully applied in detection for complex samples. The proposed method would put forward the applications of QCM in biomolecules' detection. 
